Background: B cells may be involved in the pathophysiology of multiple sclerosis (MS). Inebilizumab (formerly MEDI-551) binds to and depletes CD19 + B cells. Objectives: To assess safety, tolerability, pharmacokinetics, pharmacodynamics and immunogenicity of inebilizumab in adults with relapsing MS. Methods: This phase 1 trial randomised 28 patients 3:1 (21, inebilizumab; 7, placebo) to inebilizumab (2 intravenous (IV) doses, days 1 and 15: 30, 100 or 600 mg; or single subcutaneous (SC) dose on day 1: 60 or 300 mg) or matching placebo, with follow-up until at least week 24 or return of CD19 + B-cell count to ⩾80 cells/µL. Results: Complete B-cell depletion was observed across all doses. Infusion/injection (grade 1/2) reactions occurred in 6/15 patients receiving inebilizumab IV, 2/5 placebo IV and 1/6 inebilizumab SC. Serious adverse events occurred in three patients receiving inebilizumab: pyrexia, mixed-drug intoxication (unrelated to inebilizumab; resulted in death) and urinary tract infection. Mean number of cumulative new gadolinium-enhancing lesions over 24 weeks was 0.1 with inebilizumab versus 1.3 with placebo; mean numbers of new/newly enlarging T2 lesions were 0.4 and 2.4, respectively. Conclusion: Inebilizumab had an acceptable safety profile in relapsing MS patients and showed a trend in reductions in new/newly enlarging and gadolinium-enhancing lesions.
Introduction
Multiple sclerosis (MS) is a chronic, immune-mediated disease of the central nervous system (CNS) with focal, multifocal and diffuse inflammation characterised by demyelination and gliosis as a result of immune cell infiltration across the blood-brain barrier. The neurologic signs and symptoms of the disease are highly variable and dependent upon the location of lesions in the CNS. Disability accumulates over time and may include cognitive deficits and motor impairments.
Although MS is considered to be a disorder involving primarily T cells, an increasing body of evidence now supports a role of B cells in the pathogenesis of MS through antibody-dependent and antibody-independent mechanisms. [1] [2] [3] Patients suffering from severe relapses who fail to respond to treatment with highdose corticosteroids benefit from plasmapheresis, 4 thus suggesting a role of the humoral response in the disease. Regulatory B cells secreting interleukin (IL)-10, an immunoregulatory cytokine that downregulates the immune response and controls inflammation, are found in lower numbers in the peripheral blood of MS patients than in healthy controls. 5 A higher clinical progression rate has been found in patients with relapsing and secondary progressive MS who possess high B-cell and low monocyte numbers in the cerebrospinal fluid (CSF). 6 In addition to antibody production, B cells also play a key role in antigen presentation in experimental autoimmune encephalomyelitis (EAE) models. CNS-resident B cells also have been shown to induce cytokine production and activation of infiltrating T cells. 3 B-cell depletion therapy with anti-CD20 monoclonal antibodies, such as rituximab and ocrelizumab, has shown clinical benefit in patients with relapsing-remitting MS. 7, 8 During B-cell development, CD20 is expressed on pro-B cells through memory B cells. CD19 is expressed at an earlier stage in B-cell development, appearing on early pro-B cells, and persists through maturation to plasmablasts and some plasma cells (PCs). 9, 10 The clinical implications of this differential expression of CD19 are not known. Preclinical data suggest that the elimination of CD19 + plasmablasts and some PCs could provide a greater clinical effect in B-cell-driven autoimmune diseases. 11 Patients with MS were shown to have greater numbers of CD19 + B cells in the blood than healthy controls. 12 Short-lived plasmablasts expressing CD19 have been suggested to be a primary effector B-cell population involved in ongoing active inflammation in patients with MS. 3, 13 Therefore, there is a scientific rationale for depleting CD19 + B cells in patients with relapsing forms of MS.
Inebilizumab (formerly MEDI-551; MedImmune, Gaithersburg, MD, USA), a humanised, afucosylated IgG1κ monoclonal antibody, binds to and depletes CD19 + B cells. 14 Afucosylation of inebilizumab results in an approximately 10-fold increased affinity for the activating Fcγ receptor IIIA and significantly enhances antibody-dependent cellular cytotoxicity of effector cells. In a mouse EAE model, administration of inebilizumab reduced the incidence and severity of disease and prevented the development of EAE when given prior to induction. 15 This phase 1 dose escalation study was designed to determine the safety and tolerability profile of ascending intravenous (IV) and subcutaneous (SC) doses of inebilizumab in patients with relapsing forms of MS.
Methods
This was a multicentre, randomised, blinded, placebocontrolled, dose escalation, phase 1 study (clinicaltrials.gov identifier: NCT01585766). The primary end point was safety and tolerability of ascending IV and SC doses of inebilizumab. Secondary end points included evaluations of pharmacokinetics, pharmacodynamics and immunogenicity. Exploratory objectives included evaluation of the effect of inebilizumab on magnetic resonance imaging (MRI) outcomes, including the number of new gadolinium (Gd)-enhancing lesions and the number of new or newly enlarging T2 lesions, relapse, Expanded Disability Status Scale (EDSS) scores and tetanus titres. An independent data monitoring and safety committee was established to review safety data on an ongoing basis and to provide guidance on trial continuation, modification or termination.
Patients
Eligible patients were aged 18-65 years with confirmed relapsing forms of MS defined by the McDonald 2010 criteria, 16 with at least one relapse (Appendix 1) in the last 3 years, EDSS score ⩽6.5, normal baseline CD19 B-cell count (>80 cells/µL) and no more than 20 Gd-enhancing lesions on MRI. Key exclusion criteria were abnormal liver function tests and low immunoglobulin, neutrophil, platelet, haemoglobin or total lymphocyte counts. In addition, patients who had received at any time total lymphoid irradiation, cladribine, mitoxantrone, cyclophosphamide or T-cell vaccination were excluded, as were patients who had received monthly treatment with a corticosteroid as disease modification for relapsing MS or who had received an IV or high-dose oral corticosteroid for an MS exacerbation within 30 days prior to the study.
The following washout periods were required for prior medications: 1 month for interferon beta and glatiramer acetate; 3 months for fingolimod, dimethyl fumarate, intravenous immunoglobulin therapy and plasmapheresis; 6 months for cyclosporine, azathioprine, methotrexate, mycophenolate and teriflunomide; 1 year for patients who received natalizumab for more than 3 months; and 1 year for monoclonal antibodies.
Design and treatment
Following a screening period of up to 28 days, patients were randomised as follows. The investigator or designee entered eligible subjects' names and relevant information into an interactive voice-response system (IVRS). The IVRS then assigned subjects in a 3:1 ratio in six cohorts to receive inebilizumab 30, 100 or 600 mg IV on days 1 and 15, or inebilizumab 60 or 300 mg SC on day 1, or matching placebo (Figure 1 ). Study site personnel and patients were blinded to treatment; the study sponsor's staff members were not blinded.
Patients who received IV inebilizumab were premedicated with IV methylprednisolone 100 mg or equivalent, oral acetaminophen 500-650 mg or equivalent, and oral diphenhydramine 25-50 mg or equivalent 30-60 minutes prior to infusion to reduce risk of possible infusion reactions. The study comprised three study periods: screening (day -28 to day -1), treatment/follow-up (day 1 to day 169) and long-term follow-up for B-cell recovery (day 170 to 18 months or longer).
Study outcomes and procedures
Safety and tolerability were assessed by evaluation of adverse events (AEs) and serious AEs (SAEs) for each dose and for the route of administration, as well as by laboratory evaluations and physical examinations. Blood was collected before dosing for pharmacokinetic analysis at weeks 0, 1, 2, 4, 8, 12, 16, 20 and 24; in the IV cohorts, blood was also collected after dosing for pharmacokinetic analysis at weeks 0 and 2. Blood was collected for B-cell count, B-cell subsets and immunoglobulins (including total immunoglobulin, immunoglobulin G (IgG), IgM, IgA and IgE) at weeks 0, 2, 4, 8, 12, 16, 20 and 24, and during long-term follow-up.
Blood was collected for analysis of anti-inebilizumab antibodies at weeks 0, 4, 12 and 24 and every 3 months thereafter during long-term follow-up.
Patients were followed until their CD20 B-cell counts returned to the lower limit of normal (80 cells/µL) or baseline; patients who did not meet these criteria at 24 weeks entered long-term follow-up for B-cell repletion. Because the presence of inebilizumab in samples interferes with CD19-based detection of B cells by flow cytometry, both CD19+ and CD20+ B cells were measured in this study.
The effect of inebilizumab on reductions in the number of PCs was evaluated using the PC gene signature method, a robust, sensitive and accurate measure of PCs in clinical samples. 17 The relative change in PC numbers was evaluated by whole-genome microarray analysis of blood samples obtained at various time points following treatment.
Cranial MRI with and without Gd contrast was performed at screening and at weeks 4, 8, 12, 16, 20 and 24 for cohort 1 only (30 mg IV) and at weeks 12, 16, 20 and 24 for cohorts 2 through 5. All scans were sent to a central MRI laboratory where a blinded read was performed for the interpretation used for analysis. The EDSS scores were assessed at weeks 0, 12 and 24 and at relapse.
Statistical analysis
Sample sizes were based on clinical judgement but not on statistical criteria as done in a typical phase 1 study. The analysis of the study results was based on the safety population, which included all patients who received any amount of investigational product. A non-compartmental pharmacokinetic analysis was performed. The proportion of patients free of new inflammatory activity (i.e. no Gd-enhancing lesions and no new or newly enlarging T2 lesions) and the proportion of patients who were relapse free were calculated. Safety, pharmacokinetic, pharmacodynamic and clinical activity data were summarised descriptively.
Ethical considerations
The study was conducted in accordance with the principles of the Declaration of Helsinki, the International Conference on Harmonisation guidelines on good clinical practice, any applicable laws and requirements, and any conditions required by local regulatory authorities and/or institutional review boards. All patients provided written informed consent.
Results

Patients
A total of 28 patients were randomised into the following treatment groups: inebilizumab 30 mg IV (n = 6), inebilizumab 60 mg SC (n = 3), inebilizumab 100 mg IV (n = 3), inebilizumab 300 mg SC (n = 3), inebilizumab 600 mg IV (n = 6), and placebo IV or SC (n = 7). In all, 27 patients, 20 in the inebilizumab groups overall and 7 in the placebo group, completed the protocol-defined treatment period (day 169/week 24) ( Figure 2) ; one patient in the inebilizumab 30-mg IV group died during the study. Of the 27 patients who completed week 24, 1 patient (14.3%) in the IV or SC placebo group and 20 patients (95.2%) in the inebilizumab groups (5 patients in the 30-mg IV group; 3 each in the 60-mg SC, 100-mg IV and 300 mg-SC groups; and 6 in the 600-mg IV groups) entered long-term follow-up for B-cell recovery monitoring. Patient demographics and baseline disease characteristics are summarised in Table 1 . Briefly, most patients were female and White (68% and 82%, respectively). The median baseline EDSS score was 4.0 (range, 0-6.5), the mean number of Gd-enhancing lesions at baseline was 0.9 (range, 0-4), and the mean absolute CD19 + B-cell count was 215.5 cells/µL (range, 83.5-693.0). Patients in the inebilizumab group had a higher number of Gd-enhancing lesions, a greater volume of T2 lesions and a higher EDSS score at baseline than the placebo group (Table 1) .
Safety, tolerability and immunogenicity
Most treatment-related AEs observed in the inebilizumab treatment groups up to week 24 were single events. The most frequently seen AEs in the inebilizumab group included nasopharyngitis (24%), upper respiratory tract infection (19%), urinary tract infection (14%), urinary tract inflammation (14%), pyrexia (14%) and increased blood pressure (14%). Treatmentrelated AEs observed in at least 10% of all patients are summarised in Table 2 . Infusion-related reactions were observed in 6/15 (40%) patients receiving IV inebilizumab and 2/5 (40%) receiving IV placebo; injectionrelated reactions were observed in 1/6 (17%) patients receiving SC inebilizumab and no patients receiving SC placebo. Most injection and infusion reactions were grade 1 (4 patients in the inebilizumab groups and 1 in the placebo group) or grade 2 (2 patients in the inebilizumab groups and 1 in the placebo group) in severity; one grade 2 injection-related reaction was observed in the inebilizumab 300-mg SC group.
Infections were observed in two patients (29%) receiving placebo, four (80%) receiving inebilizumab 30 mg IV, one (33%) receiving inebilizumab 60 mg SC, three (75%) receiving inebilizumab 100 mg IV, three (100%) receiving inebilizumab 300 mg SC and two (33%) receiving inebilizumab 600 mg IV and did not appear to be related to the inebilizumab dose. Most infections were grade 1 or grade 2 in severity; only one patient receiving inebilizumab 600 mg IV had a grade 3 urinary tract infection that was not related to study drug. No AEs resulted in discontinuation of treatment. Three SAEs occurred in three patients in the inebilizumab group, including pyrexia (n = 1), urinary tract infection (n = 1) and accidental mixed-drug intoxication (n = 1; resulted in death), and one SAE occurred in one patient in the placebo group (MS relapse). The death occurred 133 days after the last dose of inebilizumab (30 mg IV) and was assessed by the investigator to be due to an accidental mixed-drug intoxication that was not related to inebilizumab (see Appendix 2).
A decrease was seen in total immunoglobulin levels in inebilizumab-treated patients. The mean percentage decrease from baseline in total immunoglobulin at week 24 was −10.5% for inebilizumab-treated patients and −0.1% for the placebo group. A reduction was observed in all immunoglobulin subtypes (IgA, IgE, IgG, IgM) and was greatest for the IgM subtype. At the 18-month follow-up, the mean decrease in total immunoglobulin was −15.0% in the inebilizumab group. The total immunoglobulin levels did not fall below the normal range in any study patient. No change was seen in tetanus titres between baseline and week 24 in either the inebilizumab or the placebo group. Anti-inebilizumab antibodies were not detected in any patients receiving inebilizumab or placebo.
Pharmacokinetics and pharmacodynamics
Inebilizumab pharmacokinetic parameters are summarised in Table 3 . The terminal elimination phases were parallel in all dose groups. A dose-proportional increase in maximum observed concentration and in area under the concentration-time curve was observed for all dose levels ( Figure 3 ). The mean systemic clearance appeared to be independent of dose levels for both IV and SC cohorts. The median half-life of inebilizumab was 16 days (range, 11-25 days), and the calculated bioavailability using non-compartmental analysis was 58% and 46% following a single 60-mg and 300-mg SC dose, respectively. A rapid decline in CD20 B-cell counts was observed for all inebilizumab IV and the inebilizumab 300-mg SC dose groups, whereas a slower decline was observed with the 60-mg SC dose group (Figure 4) . Overall, higher inebilizumab doses caused longer duration of B-cell depletion. The median time for B-cell return to lower limit of normal (80 cells/µL) or baseline after a sign of recovery was similar across dose cohorts (range, 196-277 days). Circulating PCs as measured by the PC gene signature in whole blood also were reduced following inebilizumab administration across all doses ( Figure 5 ).
MRI outcomes by week 24
The mean number of cumulative new Gd-enhancing lesions was 0.1 (standard deviation (SD) = 0.30) in the inebilizumab group versus 1.3 (SD = 1.38) in the placebo group ( Figure 6 ). The mean number of new or newly enlarging T2 lesions was 0.4 (SD = 0.94) in the inebilizumab group versus 2.4 (SD = 3.26) in the placebo group. The proportion of patients free of new inflammatory activity (i.e. no new Gd-enhancing lesions and no new or newly enlarging T2 lesions) was 75% in the inebilizumab group versus 43% in the placebo group.
Relapses and EDSS scores
One patient who received placebo experienced a protocol-defined MS relapse. No protocol-defined relapses were seen in the inebilizumab group. The median EDSS score did not change in either treatment group.
Discussion
The role of B cells in the pathogenesis of MS has been increasingly appreciated lately. 7, 8, 18 Experimental (10) evidence suggests that CD19 + B-cell levels in the blood are elevated in patients with MS 12 and that CD19 + plasmablasts are associated with ongoing inflammation in MS. 13 Studies with anti-CD20 antibodies have demonstrated that B-cell depletion may be an important therapeutic approach to MS. 7, 8, 18 In this study, inebilizumab, a novel anti-CD19 antibody, exhibited durable pharmacodynamic effects in which circulating B cells (as measured by immunocytochemistry/flow cytometry) and PCs (as measured by the PC gene signature) were rapidly depleted. 14 Inebilizumab is the first anti-CD19 monoclonal antibody to be tested in MS patients, and one could hypothesise that it may be more efficacious than anti-CD20 antibodies such as rituximab, ocrelizumab and ofatumumab due to its targeting of a larger spectrum of B cells. However, at this time, it is unknown whether targeting CD19 + B cells will translate into any difference in clinical efficacy relative to targeting CD20 + B cells.
The phase 1 study reported here was conducted in patients with relapsing forms of MS to assess the safety of inebilizumab and to analyse its pharmacokinetic and pharmacodynamic profile. In this phase 1 study (n = 28), inebilizumab appeared to have an acceptable safety and tolerability profile during the period tested.
The median half-life of inebilizumab was 16 days, which is shorter than expected for an IgG antibody (≈21 days); 19 the shorter half-life of inebilizumab is probably due to afucosylation, although the small number of patients and a high mannose level (8.4%) on the inebilizumab antibody may also be contributing factors. Rapid B-cell depletion was observed at all inebilizumab doses except the 60-mg SC dose. B-cell depletion, duration of depletion remaining ⩾90% from baseline, and time to start of recovery were dose dependent, with most dose groups maintaining 90% depletion throughout the 24-week follow-up period.
Patients who received inebilizumab SC had slower depletion of the PC signature than patients who received inebilizumab IV; however, no dose-dependent relationship was observed in the extent of depletion of the PC signature.
The inebilizumab-treated patients developed notably fewer new Gd-enhancing and new or newly enlarging T2 MRI lesions. This finding is consistent with what has been observed with other B-cell depleters evaluated in relapsing forms of MS. 7 It is notable that, at baseline, patients in the inebilizumab group had a higher number of Gd-enhancing lesions (1.1 vs 0.4), a greater volume of T2 lesions (14.44 vs 6.46 cm 3 ) and a higher EDSS score (4.0 vs 3.0) than the placebo group. However, owing to the small sample size, no conclusions can be reached from this study regarding the drug's effect on relapse rate, MRI outcomes and EDSS scores. No changes were seen in EDSS score at week 24, probably owing to the short duration of the study and small sample sizes. Larger studies would be needed to evaluate the effect of inebilizumab on clinical outcomes in relapsing MS, Figure 4 . Median CD20 B-cell counts over time following inebilizumab administration. Data after week 24 reflect only patients who had not achieved B-cell repletion. Data used to calculate median value were collected from ⩾2 patients. *One subject in the 60-mg SC cohort and two subjects in the 600-mg IV cohort did not fully reach repletion to the lower limit of normal during the long-term follow-up period and received other standard-of-care MS therapies.
IV: intravenous; SC: subcutaneous. Gd + : gadolinium-enhancing.
such as the relapse rate and the proportion of patients who experience disability progression.
